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| INTRODUCTION
Potassium ion (K + ) channels are one of the largest and most functionally diverse families of ion-channel proteins in the human genome. 1 Sodium/potassium pumps (Na + /K + -ATPase) play crucial roles in human physiology and metabolism, 2 and therefore 39 K MRI has the potential to provide unique insights into the activity of this system. Potassium plays a key role in cardiac electrophysiology. 3, 4 Increased extracellular K + concentration following ischemia can induce ventricular arrhythmia. 5, 6 Conversely, decreased tissue K + has been shown to lead to irreversible injury to cardiomyocytes. 7 Potassium is vasoactive and is important in regulating smooth muscle tone and blood flow. 8 Altered smooth muscle K + channel function has been implicated in several pathological conditions. MRI provides a means for probing 39 K in vivo, but this remains challenging because of sensitivity constraints. The NMR sensitivity of 39 K is ~180 times lower than that of 23 Na, and 2000 times lower than that of 1 H. The SNR gain afforded by ultrahigh field MRI (UHF-MR) leads to the possibility to investigate 39 K with a diagnostically meaningful spatial resolution and with total acquisition times that are potentially feasible for human application. In contrast to current laboratory diagnostics that can only measure extracellular potassium concentration, 39 K MRI is sensitive to changes in the total tissue potassium concentration (TPC). Since ~98% of potassium ions are located in the intracellular space, 39 K MRI detects K + almost exclusively from the intracellular space. Therefore, 39 K MRI has the potential to detect changes in the intracellular volume fraction and the intracellular K + concentration that cannot be revealed by the diagnostic methods currently used.
The aim of this study was to use the sensitivity gain of UHF-MR to demonstrate the feasibility of 39 K MRI of the human heart, by designing and constructing a 39 K/ 1 H RF coil customized for cardiac MRI at 7.0T. Here we provide the first data on 39 K MRI of the human heart acquired in vivo.
| METHODS

| RF coil design
The RF coil design is comprised of two separate coil sets operating at f 39K = 13.9 MHz and f 1H = 297.2 MHz (Figure 1 ). It consists of an anterior and a posterior module, with the former being curved to conform to an average human torso. Each module is composed of one large loop element (270 × 280 mm 2 ) tuned to f 39K and two concentric smaller loop elements (220 × 200 mm 2 ) tuned to f 1H . The 39 K loop elements are built of copper tube (outer diameter = 4 mm, wall thickness = 1 mm) and connected as a Helmholtz coil. The four 1 H loop elements (conductor width = 10 mm) were manufactured from 36 μm copper on a 0.5 mm FR-4 substrate. Constructive interference in the heart was achieved via static transmit field (B + 1 ) shimming using appropriate phase delay cables connected to the 1 H channels. The adjacent 1 H loop elements share a common conductor and were decoupled capacitively using a trimmer capacitor. Each channel of the four-channel 1 H array was equipped with two cable traps tuned to f 1H and f 39K . For the 39 K Helmholtz coil, one cable trap tuned to f 1H , was used (λ 39K ≈ 22 m). The size of the 39 K loop elements was chosen to provide acceptable signal uniformity in the region of interest (ROI), sufficient coverage of the heart and to minimize coupling with the 39 K coil. No additional circuits were used to decouple 1 H from 39 K, because both resonant frequencies are sufficiently distant from each other. The placement of the proposed 39 K/ 1 H RF coil is slightly off the long axis of the torso, which helps to keep the connection between Helmholtz loops as short as possible. The coil casing, shown in Figure 2 , was designed by using Autodesk Inventor Professional 2017 (Autodesk Inc., San Rafael, CA) and constructed from acrylonitrile butadiene styrene (ABS) material using a 3D printer (BST 1200es; Dimension Inc., Eden Prairie, MN).
| Numeric EMF simulations
Electromagnetic field (EMF) simulations were performed to examine the transmit field (B + 1 ) distribution at both resonance frequencies (f 39K and f 1H ). This was particularly important for f 1H because of the short wavelength in tissue at 297.2 MHz, which might induce B + 1 destructive interferences in the cardiac ROI, which can be offset by static B + 1 shimming. Specific absorption rate (SAR) simulations for both resonance frequencies were conducted to meet the requirements of the International Electrotechnical Commission (IEC) guidelines IEC 60601-2-33 Ed.3 for local transmit coils (first level controlled: local SAR = 20 W/kg for 6 min averaging time). 9 SAR simulations do not require detailed information about the RF pulse shape and pulse sequence used, because the RF input power in the simulations is pulse-normalized and time-averaged. This approach provides the value of the conversion factor (the k-factor) that specifies the local SAR produced per 1 W transmitted RF power. The k-factor must be defined for a given RF coil in a configuration file, which is required by the MR systems software. During an in vivo acquisition, the average RF power for a given RF pulse is multiplied by the k-factor value. This approach enables the RF pulse sequence to be used and is directly linked to the local SAR simulations. Other tests are performed by the RF power monitoring system (that is a part of the MR scanner) at various stages of the RF chain, to ensure RF safety. These include, for example, RF power calibration units (prospective and real-time) that provide the user-defined voltage RMS value (V RMS ) at the RF coil plug.
For the EMF and SAR simulations, we used the Finite Integration Technique (FIT) of CST Studio Suite 2015 (CST AG, Darmstadt, Germany) with the human voxel models Duke (male) and Ella (female) from the Virtual Family. 10 The electrical properties of all tissues were defined according to the IT'IS database (IT'IS, Zurich Switzerland). 11 The scattering parameter matrix (S-parameter matrix) results obtained from the EMF simulations were exported from the CST Studio Suite into Advanced Design System (ADS) (Keysight EEsof EDA, Santa Rosa, CA) for tuning and matching. The S-parameter matrix shows how RF power is distributed in a multi-port network. For the purposes of this work, it was sufficient to highlight that in an ideal case all of the entries of an n-element S-parameter matrix that describes an n-channel RF coil would approach zero (on a linear scale). The diagonal elements of such a matrix inform how well a given element of an RF coil is matched to the load, while non-diagonal ones inform about the electromagnetic coupling between specific elements of the coil. The final circuit designed in ADS was reproduced in the schematic view in CST for alternating current (AC) simulation and field combination. This set-up was used to calculate the B + 1 of the 39 K/ 1 H RF coil and SAR distribution in the human voxel models Duke and Ella. The input power for the in vivo experiments was adjusted to meet the regulations provided by the IEC guidelines.
We provided a circularly polarized (CP) mode for 4channel 1 H array within the region of interest. To achieve this, the EMF simulations, which involved the human voxel model Duke, were used. The B + 1 fields generated by each channel of the 1 H 4-channel array (i.e., with only one channel transmitting at a time) were analyzed, and a transversal slice placed across the center of the heart in the Duke model was used to read out the B + 1 phase corresponding to each. The phases provided by all four channels of the 1 H array were directly used in a combined simulation involving all of the channels. The phases were normalized to keep the real cable lengths as short as possible. The same phases were used to generate a CP mode within the heart of the human voxel model Ella.
| Bench evaluation
Bench measurements were performed using an 8-channel vector network analyzer (ZVT 8; Rohde & Schwarz, Memmingen, Germany). Full sets of S-parameters were measured for various loading conditions, including 8 volunteers (BMI ranging from 18.9-28.5 kg/m 2 ). Each subject had provided a written consent before any measurement was conducted. S-parameter matrices were measured, exported from the network analyzer and processed in MATLAB (The MathWorks, Natick, MA). The quality factor (Q) of the coil was evaluated for two cases: unloaded (Q UL ) and when the coil was loaded with a torso phantom (Q L ).
| Phantom experiments
A torso phantom was designed and built to evaluate RF coil performance at both resonant frequencies. The phantom (MRI.TOOLS GmbH, Berlin, Germany, volume ≈ 35 l; length = 50 cm; permittivity ε r = 81, conductivity σ = 0.81 S/m) was filled with an aqueous solution of K 2 HPO 4 ([K + ] = 80 mmol/L), which is significantly less conductive than KCl. This approach enabled the use of a greater absolute amount of K + ions, while maintaining the conductivity similar to that of muscle tissue at 297.2 MHz (σ = 0.77 S/m). The electrical properties of the aqueous solution were constant over the frequency range (10-300 MHz).
| MR hardware
Initial phantom and human studies (N = 1) were conducted on a 7.0T whole-body MR system (Magnetom, Siemens Healthineers, Erlangen, Germany), equipped with a gradient system supporting dG/dt max = 170 mT/m/ms, G max = 38 mT/m. The MR system is provided with a broadband 8 kW RF power amplifier (RFPA) (Stolberg HF-Technik AG, Stolberg-Vicht, Germany) that was used for all of the experiments involving nuclei other than 1 H that are supported by the system ( 23 Na, 7 Li, etc.). 1 H MRI was performed using another narrowband 8 kW RFPA. Further in vivo experiments (N = 6), were conducted using another 7.0T whole-body MR system (Terra, Siemens Healthineers) that supports 39 K MRI. This MR system is equipped with a gradient system supporting dG/dt max = 200 mT/m/ms, G max = 80 mT/m.
The multipurpose interface boxes used to connect the coils to the scanner (Figure 2 ) consist of four transmit/receive switches for 297.2 MHz and one transmit/receive switch for 13.9 MHz along with integrated low-noise preamplifiers for each of the resonant frequencies (Stark Contrast, Erlangen, Germany).
| In vivo feasibility study
The in vivo feasibility study was carried out in compliance with institutional guidelines and was approved by the Ethical Review Board of the Friedrich-Alexander University Erlangen-Nuremberg. Each subject provided a written consent before any measurement was conducted. Proof-of-principle in vivo MRI was performed in 7 healthy subjects (4 male, 2 female; average BMI = 24.1 kg/m 2 , average age = 34 y).
Potassium imaging was conducted with a 3D density adapted projection reconstruction (3D-DAPR) 12 imaging technique (TR = 30 ms; TE = 0.7 ms; number of projections = 20,000; read-out duration = 5 ms; maximum gradient amplitude = 11.95 mT/m, slew rate = 170 T/(m × s), beginning of the density-adapted part at t0 = 0.5 ms, rectangular pulse duration = 1 ms; radial samples = 64; dwell time = 78.1 μs; nominal isotropic resolution = (14.5 × 14.5 × 14.5) mm 3 . The acquisition time was 30 min. The RF coil and receiver chain did not support simultaneous 39 K/ 1 H imaging. 39 K relaxation times of myocardium and blood are unknown. However, it has been demonstrated at 7.0T that the T 1 relaxation time in thigh muscle tissue is 5.7 ± 0.4 ms. 13 Assuming similar or even slightly longer T 1 relaxation times for myocardium, we did not expect saturation effects in myocardium (TR > 5 T 1 ). Only the 39 K signal originating from the blood might have been partially saturated, because longer relaxation times in red blood cells (T 1 = 19.3 ms) have been previously reported. 14 Given the short transverse relaxation times of thigh muscle tissue (T * 2fast = 1.5 ms; T * 2slow = 9.7 ms), 15 we also expected short relaxation times for myocardium. Therefore, to limit the relaxation during the excitation pulse, we did not increase the pulse duration (1 ms). Given the short relaxation times, the use of an UTE sequence was considered to be mandatory for 39 K MRI. In addition, a density-adapted readout can be used to improve SNR compared to a conventional UTE sequence with trapezoidal gradients. Therefore, we used the pulse sequence that we optimized for 39 K MRI of the human brain, 13 although the flip angle could not be determined. During the calibration procedure, an approximately linear increase of the signal intensity with pulse voltage was found and a reliable sinusoidal fit of the required pulse voltage was not possible. Therefore, it is expected that the flip angle is lower than 60°. The RF power was maximized given the coil specifications (i.e., limited only by SAR). The image reconstruction was performed using nonuniform fast Fourier transform (NUFFT). 
| RESULTS
| RF coil performance
The S-parameter matrices were measured at both resonant frequencies and averaged over 8 volunteers (Figure 1) . Before all measurements, the proposed RF coil was placed on the cylindrical phantom and tuned and matched. The average reflection coefficient S 55 for the 39 K coil was −13.5 dB. Coupling between the 39 K coil and the 4-channel 1 at 297.2 MHz was within an acceptable range, between −21.8 dB and −33.0 dB. The phantom measurements yielded Q UL = 141, Q L = 27, and the Q UL /Q L = 5.2 for the 39 K Helmholtz coil. The tuning and matching procedure was conducted at the bench. There was no appreciable frequency shift when the coil was loaded with a torso phantom and placed inside the bore of the magnet. The following changes in matching were observed: S 11 : from −28.7 to −27.0 dB, S 22 from −28.3 to −30.2 dB, S 33 from −21.9 to −23.0 dB, S44 from −27.6 to −26.7 dB, and S 55 from −22.3 to −25.6 dB).
| EMF and SAR simulations
To achieve CP mode within the ROI in the human voxel model Duke, the phases were set as follows: channel 1: −297°, channel 2: −72°, channel 3: 0°, channel 4: −49°. The same phase settings were applied for the human voxel Ella. The B + 1 distribution for 39 K was very similar for both human voxel models ( Figure 3A) . The results for 1 H show that despite obvious anatomic differences, the CP mode can be used to produce acceptable in vivo anatomic reference images. Local SAR values averaged over 10 g (SAR 10g ) were derived from the EMF simulations for both frequencies using the human voxel models Duke and Ella for an input power of 1 W ( Figure 3B ). Local SAR 10g maxima were found to be 0.21 W/kg for Duke and 0.23 W/kg for Ella for f 39K and 0.46 W/kg for Duke and 0.37 W/kg for Ella for f 1H . Additional EMF simulations also provided local SAR values averaged over 1 g (SAR 1g ) ( Figure 3B ). While there was no change observed for f 39K , there was an increase in SAR 1g with respect to SAR 10g for f 1H . Local SAR 1g maxima were found to be 0.57 W/kg for Duke and 0.55 W/kg for Ella. The 39 K RF coil was driven with time-averaged forward power limited to 100 W to stay below the 20 W/kg limit (first level controlled SAR) set by the IEC guidelines. The time-averaged forward power for 1 H 4-channel array was limited to 40 W.
| In vivo feasibility study
Following evaluation experiments in the torso phantom (Figures 4 and 5) , we went on to conduct a feasibility study in vivo, which yielded 39 K images and 1 H images of the human heart ( Figures 6 and 7) . For 39 K MRI of the heart, a nominal isotropic spatial resolution of (14.5 × 14.5 × 14.5) mm 3 was achieved within 30 min of scan time. The in vivo images showed 3 regions with high 39 K signal intensity. The SNR within the heart was estimated by dividing the signal in the ROI by the SD of the signal in the background. The average SNR (mean/SD) was SNR = 9.6 ± 2.4 (Figure 7 ; for male volunteers: MV1 = 9.2, MV2 = 8.7, MV3 = 8.7, MV4 = 6.3; for female volunteers: FV1 = 13.1, FV2 = 11.6). Based on information obtained from anatomical reference images and data from the literature, 7, 13 these regions correspond to the heart and the muscles of the thorax (anterior and posterior part). No significant B + 1 destructive interferences were observed for the cardiac area used for 1 H MR.
| DISCUSSION AND CONCLUSIONS
In this work, we demonstrate the feasibility of in vivo 39 K MRI of human heart at 7.0T. These in vivo experiments revealed three regions in the 39 K images with high signal intensity. Based on prior anatomic information, these regions correspond to the heart and thoracic muscles (anterior and posterior parts). This is in agreement with the literature and previous studies that showed substantial K + content in muscle tissue. 13 Note that the blood 39 K signal was barely distinguishable from the myocardial signal ( Figure 6) . The blood is mainly composed of blood serum and erythrocytes; although there is very little K + in blood serum ([K + ] ≈ 5 mM), potassium cations are nevertheless present within erythrocytes. 16 Assuming that erythrocytes represent 45% of blood volume, the total [K + ] in the blood is then [K + ] ≈ 45 mM. This erythrocyte compartment contributes to the overall 39 K signal being detected.
The theoretical basis for sodium and potassium MRI of the human heart at 1.5T was originally provided by simulations. 5 This first report suggested that 39 K MRI of the heart with isotropic spatial resolution of 13 mm 3 and a scan time of 30 min could be considered "clinically useful." These previous simulations concluded that the sensitivity that could be obtained at 1.5T was not sufficient to achieve this goal, and an 8-fold increase in SNR would be required. In the current F I G U R E 4 Torso phantom (MRI.TOOLS GmbH, Berlin, Germany, volume ≈ 35 l; length = 50 cm; permittivity ε r = 81, conductivity σ = 0.81 S/m) that was filled with an aqueous solution of K 2 HPO 4 ([K + ] = 80 mmol/L) study we were able to approach this level with our experiments at 7.0T, by achieving isotropic spatial resolution of 14.5 mm 3 with a scan time of 30 min.
The configuration of the 39 K/ 1 H RF coil proposed herein supports in vivo 39 K and 1 H imaging of the human heart at 7.0T. The 39 K/ 1 H RF coil is light-weight, ensures patient comfort, and can be applied to an average human torso. Driving the 39 K loop elements in Helmholtz mode provides good B + 1 field homogeneity, as demonstrated in our EMF simulations and in our in vivo measurements. The 4-channel 1 H transceiver array yielded anatomic images of sufficient quality to serve as a reference for the 39 K images.
In the proposed RF coil, the loop elements for both resonant frequencies are placed in close proximity to the target anatomy and ROI used for imaging. This is advantageous for transmit efficiency and is particularly useful for receive sensitivity of imaging experiments involving 39 K (γ 1H /γ 39K ≅ 21). An alternative to this design might be an elliptical (or Cassini oval-shaped) 17, 18 birdcage design. However, to achieve a similar transmit efficiency as shown in the current study, such a design would have to be a very close-fitting volume coil.
We did not use multiple turns for our 39 K/ 1 H RF coil as the Q UL /Q L ratio indicated that the losses were sample-dominated. This is not surprising for a close-fitting coil even at 19 The RF coil proposed here supports potassium and proton imaging of the human heart at 7.0T. At the resonance frequency of 1 H at 7.0T, conductors, which are typical for the resonance frequency of 39 K at 7.0T, would be too long and might act as antennas, causing undesired RF interactions between the 39 K and 1 H coils. This makes the potential use of multiple-turn coils questionable.
Potassium ions are crucial for life and their significance for cardiac physiology and metabolism extends beyond the function they play in the activity of Na + /K + -ATPase. The links between molecular mechanisms involving K + channels expressed in human heart and higher risk of arrhythmias remain poorly understood. 6 Pathologic alterations in K + concentration have profound implications in a number of cardiovascular contexts, underscoring the broad roles of this element in processes related to heart physiology.
In vivo 39 K MRI offers an interesting alternative approach to explore tissue-specific pathophysiological changes that can complement 23 Na MRI-based techniques. The accuracy of the methods currently used to distinguish between extracellular and intracellular sodium remains controversial. Nevertheless, 39 K MRI is highly promising, because the physio-metabolic information it could provide can be associated almost exclusively with intracellular space.
Undoubtedly, the future of 39 K MRI of the heart will not end at 7.0T, and the field is moving apace in this direction. Electrolyte mapping is one of the key applications desired by the community of scientists and clinicians who are advocating for 14.0T and 20.0T human MR scanners, 20, 21 as outlined in a report of the National Research Council on high magnetic field science and its application. 22 This report forwarded a call for a 20.0T wide bore MR system-a technical development inspired by the recent progress at 7.0T. The sensitivity gain at 20.0T is expected to reduce scan times for 39 K MRI by a factor of 8, compared to the 7.0T capabilities available today. Although this remains, for the moment, merely a vision, it promises potassium MR with an isotropic spatial resolution of 8 mm (assuming a linear noise model) achievable within the same scan time used in our study. Together with other relevant nuclei such as 23 Na and 35 Cl, this will provide new opportunities for 39 K MRI to drive the exploration of structures, functions and physio-metabolic processes of the human heart.
